Abstract-This paper presents a vector control ob a 5-phase drive composed of a 5-leg Pulse Width Modulation (PWM) Voltage Source Inverter P S I ) supplying a permanent-magnet Brushless DC (BLDC) machine with trapezoidal waveform of the back-electromotive force (EMF). Tu achieve this control a Multi-machine Multiconverter model is used: the 5-phase machine is transformed into a set o l two 2-phase fictitious machines which are each one controlled in a (d,q) frame as 3-phase machines with sine waveform back-EMF. In compsrison with the 3-phase BLDC drives, the 5-phase ones present one particularity: a high sensitivity to the 1 ' ' harmonic of back-EMF. Experimental results show that the 7* harmonic of hack-EMF, which represents only 5% of RMS back-EMF, induces high amplitude parasitic currents (29 % percent of R M S current). The model allows to explain the origin of this sensitivity and how to modify simply the control algorithm. Experimental improvements ofthe drive are presented.
In this case, a machine with q 3-phase stars can be considered as the association of q 3-phase machines mechanically coupled on the same shafi. Each 3-phase fictitious machine is associated with one of the q stars. This decomposition is possible in spite of the magnetic couplings between the stars, because of one property of the PAM CSI drive: when there is commutation of a current in a star, the currents in the other stars have constant values. The mutual inductances between stars have no impact and the stars can he then considered as magnetically independent.
With Digital Signal Processor, it is now possible lo use PWM VSI in multi-phase drives [6]- [8] . If vector controls of 3-phase BLDC machines are well known [9] , it is not the case for multi-phase ones, particularly if the waveform of back-EMF is trapezoidal. PWM-VSI requires a much more precise modeling than PAM CSI: it is no more obvious to decompose the multiphase machine into a set of 3-phase machines.
For six-phase induction machines, [IO] has proposed a multiple reference frame analysis based on an orthogonal transformation. The natural kame (a,h,c,d ,e,f) of the 6-phase machine is transformed into a set of three independent frames (01,02), (d,q) and (zI,z2) where dynamic equations of the machine are totally decoupled. When currents are sinusoidal, the planes (01,02) and (zI.z2) do not participate to electromechanical conversion. Recently, using the same transformation, [ 111 shows the possibility to improve torque density with the injection of a third harmonic current, harmonic which is relative to the plane (01,02). For 5-phase induction machines, similar transformations have been used to achieve a DTC control [13] , torque density has been increased with 3" harmonic current injection in a 5-phase synchronous reluctance motor drive. In this paper, a 5-phase BLCD supplied by a 5-leg PWM-VSI is studied. Using a Multi-machine Multi-converter description, this drive is broken down into two fictitious machines which can he controlled independently. This specific modeling shows that the 7Ih harmonic of the EMF leads to important parasitic currents. Controls strategies are deduced from this analysis and experimental results are provided.
MODELING OF THE DRIVE
A. Equivalent set of two 2-phasefictitious drives Under assumptions of no saturation and no reluctance effects, the vectorial approach developed in [ i6]-[ 191 allows to define the equivalence of a 5-phase wyeconnected machine Fig. 1 ) to a set of two fictitious independent drives, each one being composed of one fictitious machine and one fictitious inverter.
V I
Vb", q--m 1 1 1 1 1 The symmetry and the circularity of the stator inductance matrix are used to achieve the equivalence between the actual and the fictitious drives: [L,] matrix has three eigenvalues, named cyclic inductances, whose associated eigenspaces G, are orthogonal each others. The dimension of an eigenspace' G, is equal to the multiplicity of its corresponding eigenvalue LC In the studied case, the multiplicity of two of them (noted L, and L,) is of order two. The orthogonality of the three eigenspaces G,, G, and Go implies that three independent flux of energy can he found. To prove this assertion, an euclidian space with the usual canonic dot product is associated with the 5-phase machine. This space is provided with an orthonormal base ~, x 2 , x 3 , x 4 , x s } .
In this natural base, voltage and current vectors are defined: 
The coordinates of a vector in this base are the measurable values relative to each phase. Using the dot product, the electric power is expressed by:
Then, every vector is split into the sum of three vectors, each one belonging to an eigenspace, G,, G, and Go:
As the eigenspaces are orthogonal, the electric power is also the sum of three powers, associated each one with an eigenspace:
.
The wye-connection of the machine implies that io = 0
Continuing the same energetic approach, it is easy to express the torque of the 5-phase machine as the sum of two torques T, and T, associated respectively to the eigenspaces G, and G,:
Each torque T, and T, is expressed as the following dot product: characterized by its back-EMF < (resp. <), its cyclic inductance L, (resp. L,) and its torque T, (resp. TJ. These two drives are mechanically coupled they have the same mechanical angular velocity R. They are supplied each one by a VSI, these two VSI being electrically coupled by a mathematical transformation. Moreover, as the control of the 5-leg VSI is achieved with a 2-level PWM, only average values of voltages are assumed to he imposed by the VSI. Using the same transformation as with the machine, the VSI is decomposed into two fictitious VSI. To get a characterization of each fictitious VSI it is sufficient to project the 2' characteristic vectors of the 5-leg VSI onto the two eigenspaces G, and G,. Two polyhedrons are obtained ( Fig. 2 and Fig. 3 ). Consequently there are two 2-phase machines represented in Fig. 4 by MM, the Main Machine and by SM, the Secondary Machine. The MM (resp. SM) is
B. Harmonic analysis o~fictitious drives
It is now interesting to characterize these fictitious machines to he able to control and supply them correctly.
The expression (8) shows that the torque T, and T, are the dot product of the vectorial projections of two vectors. The first one is only depending on the design of the machine, the second one is imposed by the power In TABLE I is given harmonic decomposition of experimental back EMF Fig. 5 ).
T A R 1 E 1 back-EMF, which is only 5,1% of the fundamental, represents 18% of the 3' d harmonic. Consequently, the back-EMF of SM can not be considered sinusoidal because it is composed of 3" and 7Ih harmonics.
DEDUCED CONTROL OF EXPERIMENTAL SET UP
Using causal EMR formalism (see Appendix on EMR formalism) , the control structure is easily deduced by systematic inversion (Fig. 7) . Thanks to this structure it appears clearly that a choice must be done to define the two references T,,.m, and Ts.m, from a torque reference This is due to the mechanical coupling expressed by equation (7). This kind of choice is common in MultiMachine Multi-Converter systems and has been formalized in [20] . The control laws are then easy to implement because algorithms, already developed for 3-phase drives, can be directly used for each fictitious machine. Nevertheless, both fictitious machines have not the same reference frame. The first space harmonic of MM is the fundamental and implies that the angular velocity of the frame is pR. The first harmonic of SM is the 3" space harmonic and implies that the angular velocity of the frame is 3pR. A more usual synopsis of the control is To exhibit easily at first the sensitivity of the 7Ih space harmonic Of back-EMF, the adopted strategy consists hl using only the M M T,-,<,= Tern.-,; T&= 0. As the mo%" SM. important harmonics in the SM are the 3d and 7Ih ones, the choice of T. . , <, = 0 induces that the 3d time harmonic current must be equal to zero. Then the 7' ' time harmonic is almost the only one in the SM as it appears in (Fig. 12,  Fig. 14 .. 
APPENDIX ON EMR FORMALISM
The Energetic Macroscopic Representation (EMR) [22] is a synthetic graphical tool based on the principle of action and reaction between elements [21] . It leads lo a synthetic description of an overall conversion system between two sources (oval green pictogram). It uses elements which accumulate energy (rectangular orange pictogram with an oblique bar) and elements which convert energy without energy or storage (orange square for electrical conversion, circle for electromagnetic conversion and triangle for mechanical conversion). From the EMR of an electromechanical conversion, one can deduce a control structure, which is composed of the maximum of control operations and measurements [22] . This modeling has successfully been applied to electric vehicles, high-speed railway traction systems, wind energy conversion systems, ship propulsion with doublestar induction machines.
EMR of an energv conversion -An energy conversion between two sources SI and S2 is represented by an association of power components ( Fig. 20) : a conversion element and two accumulation elements. All of them are connected by exchange vectors.
A source element produces a state variable (output). The source is either a generator or receptor. It is disturbed by the reaction of the connected element (input), for example, the absorbed current for a voltage grid. A conversion element yields an energy conversion without energy loss nor storage. Its tuning is ensured by an input vector ec,", which consumes less power than the transferred one. In some case, there is no tuning input and the conversion transfer is realized with a fixed rate.
An accumulation element connects an energy source to a conversion element, thanks to an energy storage, which induces at least one state variable. Such element has no tuning input. The exchange vectors yield the energy to be transferred between the connected components according to the principle of action and reaction. On Fig. 20 , the source SI is chosen arbitrarily as the upstream source. It produces an action which is transmitted then to the downstream source S2 which answers by a reaction. So, one defines a chain of action variables @) and a chain of reaction variables Q). These variables can he scalar or vector. The two connected components are dual each other: if the action is potential, the reaction is kinetic. 
Extension to Multi-machine Multi-converter Systems (MMS)
-
